An analysis of wind and wave data collected in the coastal region of Goa, west coast of India, during fair weather season reveals a distinct and systematic diurnal variation in wind speed, wave height and wave period, especially simultaneous increase in wave height and decrease in wave period with increase in local wind speeds due to sea breeze system. During a typical daily cycle, the wave height reaches its peak early in the afternoon, then it decays progressively back to the swell conditions within 5 or 6 hours. Measured wave spectra distinctly bring out salient features of deep water swell and wind seas generated by the local sea breeze. Numerical simulations reproduce the characteristics of this daily cycle. The exposure of Goa coast to long distant swells from the southwest and to the local wind seas from the northwest leads to complex cross-sea conditions.
Introduction
The sea breeze circulation system -a common mesoscale meteorological phenomenon -has a profound effect on the meteorology and oceanography of coastal areas (Simpson, 1994) . Sea breeze can create a highly dynamic environment in the nearshore regions, and beaches may respond rapidly to the changing wind wave climate. Several studies have been carried out on the wave characteristics due to sea breeze. The coastal region of Sydney, Australia, has been studied by, e.g,, Linacre and Hobbs (1977) ; Short and Trenaman (1992) and Masselink and Pattiaratchi (1998) . During the summer season (October -April) they observed that the sea breeze is most prevalent between 12 and 21 h (local time), and typically produces 1 -1.5 m high waves with periods ranging between 6 and 9 s. Masselink and Pattiaratchi (1998) pointed out that following the onset of sea breeze, addition of locally generated wind waves to background swell resulted in an increase in wave height and a decrease in mean wave period. Verhagen and Savov (1999) studied wave growth due to sea breeze in Cartagena (Colombia) region, and estimated the duration of wave action based on that of the sea breeze.
Goa is located on the west coast of India (Figure 1 ), and it extends 125 km in the north-south direction. It has been observed for a long time that the calm sea off Goa during fair weather season becomes more rough in the afternoon hours. There were incidents of boat capsizing even during fair weather season (March 2004) . Shipping Corporation of India has initiated a program for the Goa coast, where the Mormugao Port Trust is situated, to fix an Inland Vessel Limit (IVL) for the movement of vessels such as barges and boats based on a maximum wave height of 2 m. In this context, a pilot study was carried out by Vethamony et al (2009) to find out the safety of inland vessels operating in the Mormugao port region based on the distribution of significant wave heights. The analysis of the data (measured wave parameters and wave spectra) used for the above project reveals diurnal variations (due to co-existence of locally generated wind seas over the pre-existing swells). However, the related effects cannot be generalized at all the coastal locations of India. For instance, Aboobacker et al (2009) studied the spectral wave characteristics off Paradip, on the east coast of India, based on measured waves during an eight month period. They could not find variations as found in the Goa region. This is likely to depend both on the characteristics of the local area (land features and sea temperature leading to sea breeze) and on the easterly exposure to the dominant swells.
One of the difficulties in studying the action of the sea breeze waves is the lack of sufficient knowledge of their spatial distribution. In this respect, valuable information is provided by scatterometer.
The SeaWinds scatterometer onboard QuikSCAT provide instantaneous wind vectors along a wide swath (1800 km) (Ebuchi et al., 2002) . Gille et al. (2003) used QuikSCAT data to study the characteristics of sea breeze and land breeze systems present in most of the world's coastlines. Aparna et al. (2005) studied the seaward extension of the sea breeze along the southwest coast of India utilizing QuikSCAT winds.
For this study, we do not have high resolution winds capable of resolving the fine details of the sea breeze. This is a rather common situation along most of the world coasts. Our main purpose is to explore how far we could go using freely available information, such as the NCEP wind fields. These winds have been used by Vethamony et al. (2006) to simulate waves in the north Indian Ocean, and the modelled wave parameters match reasonably well with measurements. The present study aims at (i) understanding the diurnal variation of wave parameters along and off the coast of the Goa region and (ii) studying the impact of sea breeze on the local wave climate. The wind data used includes sources such as the Autonomous Weather Station (AWS) of NIO (National Institute of Oceanography, Goa, India), QuikSCAT data (Tang and Liu, 1996) and the wind fields available from NCEP (National Centers for Environmental Predictions, USA) (Kalney et al., 1996) . Verification data used for the validation of the wave model results includes the wave parameters obtained from field measurements (using Directional wave rider buoys) and from Jason-1, a relatively small satellite developed by NASA (National Aeronautics and Space Administration, USA) and CNES (Centre National d'Etudes Spatiales, France), and designed for oceanographic and meteorological purposes.
The paper is organized as follows; Section 2 provides a compact description of the area of interest. Section 3 lists the available model (input) and measured data. In section 4, we describe the methodology used for the study, while the results are shown and discussed in Section 5. We draw our conclusions in the final Section 6. Figure 1 shows the study area including the wind and wave measurement locations and the Indian Ocean region (inset). The coastal region of Goa is characterized by three different seasons, premonsoon (February -May), southwest monsoon (June -September) and post-monsoon (OctoberJanuary). During fair weather season (post-monsoon and pre-monsoon seasons), the sea is relatively calm. Waves off the Goa coast during the southwest monsoon season are predominantly swells, whose periods range between 8 and 10 s (Sanil Kumar et al., 2000) . Swells from the south Indian Ocean and the Arabian Sea are always present in the coastal region off Goa, stronger during southwest monsoon season and weaker during pre-monsoon and post-monsoon seasons (Shahul Hameed et al., 2007) . During pre-monsoon season, the daily cycle of sea conditions near the Goa coast is influenced by sea breeze (Neetu et al., 2006) .
The area of interest
Mormugao Port, a major port of India, is situated on the Goa coast. The Mormugao Port is protected by a breakwater, and to the north of Mormugao Bay, stretches of sandy and rocky coasts are found. During southwest monsoon season, inland vessels are not operational. Concerning remote sensing and model data, QuikSCAT vector winds with 0.5° x 0.5° resolution available twice daily (06 h and 18 h, local time) (Tang and Liu, 1996) have been used to analyze the open ocean as well as coastal wind variations (Figure 3 ). Reanalysis wind vectors from NCEP, NOAA (National Oceanic and Atmospheric Administration, USA), at six-hourly intervals and 2.5° x 2.5° grid resolutions (Kalney et al, 1996) , have been used to study wind variations in deep waters. Alternate 3 and 4 days gridded (1° x 1° resolution) mean significant wave heights from Jason-1 are also utilized in this study (Quilfen et al, 2004) . As the Jason-1 altimeter provides only two data points (one pass every ten days) for the study area during the period of interest, obviously insufficient for a useful comparison,
Data used
we have considered gridded altimeter data. While the gridded data cannot be used for model validation, they do provide useful information on general quality of the wave model results. Goa coast. The model is based on the wave action conservation equation (Komen et al., 1994 and Young, 1999) , where the directional-frequency wave action spectrum is the dependent variable.
Simulated parameters such as significant wave height (H s ), mean wave period (T m ) and mean wave direction (θ) were stored at 1 h interval.
(Figure 4)
The boundary conditions for the local domain were extracted from the output of the regional domain. The NCEP winds within the domain were applied as the input parameter. Since, the AWS winds were measured on the land (of course, close to the coast) and the magnitudes (especially uvelocity) are significantly low compared to the NCEP winds of the grid closest to the coast (Figure 5 ), the AWS winds were not used for wave simulations. However, they provide an indication to the variations in wind patterns associated with sea breeze -land breeze system prevailed over the region.
The model wave parameters were validated with measurements.
( Figure 5 )
Results and discussion
Winds from the AWS for the coastal region off Goa show nearly semi-diurnal variations both in their magnitude and direction (Figure 2 ). The prominent incoming directions are NW (from sea to land) and NE (from land to sea). The speeds are relatively higher for northwesterlies. The sea breeze and land breeze systems are nearly perpendicular to each other, the former roughly parallel and the latter perpendicular to the orientation of the Goa coast. Sea breeze starts around 11h, and continues to blow in the NW direction with maximum wind speed between 15h and 18h, and then it gradually reduces its speed. Very early in the morning, the wind shifts its direction to NE (land to sea) and continues till 11h, with drastically reduced speeds compared to sea breeze. These variations are found to be systematic throughout the study period, and consistent with the results of earlier studies (e.g., Masselink and Pattiaratchi, 1998). Aparna et al. (2005) showed that the sea breeze-land breeze systems are prominent in this region during the pre-monsoon season. In general, the highest wind speeds are observed around 15h and the lowest around 06h. The maximum wind speed observed during the period of study in May 2005 was 4.6 m/s from the NW direction. On several occasions no wind is observed in the early hours of the day.
The sea-land breeze system leads to a typical cycle of local waves (Figure 2b ). Following the onset of sea breeze, a wind wave system grows in time, following the progressive extension of the sea breeze area towards offshore. While, once begun, the wind speed present close to the coast remains relatively constant, the consequent increase of fetch with respect to the coastal area leads to an increase of the derived wave height (Figure 2 and Figure 6 ). Although relatively limited, the increase of H s shows that the local wind sea has energy comparable to or larger than the permanent background swell.
( Figure 6 )
The time evolution of the sea breeze implies a time lag between the onset of the sea breeze and the maximum wave conditions reached at the coast. Interestingly, the local experience has led to a practical rule used by the local mariners, indicating that the maximum H s is reached between 3 and 4 hours after the sea breeze begins, as seen clearly also in the local measurements ( Figure 6 ).
Combined with the wave generation rules (see, e.g., SWAMP group, 1985) , this suggests a substantial offshore extension of the area, which is affected by the sea breeze. Although relatively strong, this local sea breeze is only crudely visible in the NCEP wind fields, whose resolution is by far too crude to describe it in sufficient detail. In this respect, better information is provided by the QuikSCAT winds, which provide an idea of the offshore area affected by the sea breeze. Aparna et al (2005) suggest that the offshore extension of the sea breeze can be upto 180 km.
The QuikSCAT data suggests a lower figure for offshore distance. The wind distribution in Figure 3b shows that when the five points (Q1 to Q5) give more or less the same value (before 3 rd and after 13 th May), the situation is dominated by some large scale feature. On the contrary, we find that between 3 rd and 13 th May, wind speed increases towards the coast (for e.g., at Q4 and Q5). This suggests that at least at the time of the QuikSCAT passes, i.e. at 18 UTC, the offshore extension of the sea breeze area was between 70 and 120 km (i.e. between Q4 and Q5 positions).
An independent indication of the offshore extension where the sea breeze is strong enough to generate waves is derived from the decay of the wave conditions. During a typical daily cycle, the wave height reaches its peak early in the afternoon, then it decays progressively back to the swell conditions within 5 or 6 hours. Given the typical sea breeze speed between 4 and 5 m/s, the wind sea has a H s (not the overall H s ) of the order of 0.5 -0.6 m. This is very close to the fully developed conditions (for the breeze speed) requiring a minimum fetch of 40 -50 km. This is not useful for our purpose as the area affected by the sea breeze is known to be larger. However, another consideration is possible. The typical peak period of sea breeze waves is between 3 and 4 s (Sanil Kumar et al., 2000) , fully consistent with wind sea H s of 0.5 to 0.6 m, and whose energy travels at about 10 km/h. So, the decay Clearly, a deeper quantitative analysis of the local generation requires higher resolution winds capable of resolving the details of the wind speed gradient when moving progressively from the Goa coast towards offshore. A more detailed input will allow us to attack another interesting problem. The present theories of wave generation embedded in the various spectral models (e.g., WAM, WAVEWATCH III, etc.) consider the input by wind to a given spectral component (specified in frequency and direction) as independent of energy present in other components. The process of energy transfer from wind to waves is based on a relationship between the wind speed close to the surface and the wave phase speed. However, in case of light winds (as is the case off Goa during pre-monsoon season), the presence of swells (please see Hogstrom et al. 2009 , Semedo et al., 2009 ) deeply modify the atmospheric marine boundary layer, reversing upwards the overall flux of momentum -long waves pump energy into the calm atmosphere. The question which is not yet completely clarified is whether a light wind can still produce light wind sea superimposed to swell in such conditions. The above studies carried out in the Baltic Sea suggest that this is indeed the casethe overall upward flux of momentum being the sum of the upward flux due to swell and the downward flux associated with the light wind, the latter being connected to the local generation of light wind seas.
This process has been frequently observed while measuring waves on an oceanographic tower in the Adriatic Sea. However, the present measurements do not contribute substantially to clarify this question, as the sea breeze and swells were not in the same direction.
Conclusions
Wave measurements and model simulations show that during the daily cycle deep water and coastal winds in front of Goa lead to the superimposition of locally generated waves from NW with the preexisting swell from SW. This leads to an obvious increase in wave height, while the superimposition of two wave systems with completely different dominant frequency ranges leads to a formal decrease of the mean wave period, previously coincident with the swell period. We purposely use the word 'formal' because the situation shows clearly the possible misleading use of this parameter, particularly in areas exposed to swell from various possible directions. This is perfectly shown by the directional wave energy spectra with the two systems, swell from SW and wind sea from NW, with completely different frequency and direction. The implications are not only formal. Although relatively mild, the cross sea conditions will have a considerable impact on the local maritime activities and harbour management.
This clearly shows the need for a suitable local wave forecast system capable, granted sufficiently high resolution winds are available, not only of providing the basic wave integrated parameters (H s , T m and θ), but also a complete 2D spectral description of the expected conditions.
A full 2D representation of the wave systems present on the coasts of Goa has strong implications also for the management of the many large beaches present along the local coastlines.
The two local wave systems, swells and locally generated waves, will have quite different effects in restoring the beach morphology disrupted by the severe monsoon waves.
Notwithstanding these limitations, it is clear that a first order approximation to the actual sea conditions present in exposed areas subject to coastal breezes can be obtained on the basis of data publicly available. This may be useful for quick assessment of the conditions present where no data are immediately available. A more scientifically relevant problem is the use of the local conditions to study the influence of swell on the local wind generation. This work is in progress and will be reported in due time. 
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